Abstract. With increasing pressure on the oceans from environmental change, there has been a 1 global call for improved protection of marine ecosystems through the implementation of Marine 2 Protected Areas (MPAs). Here, we used Species Distribution Modelling (SDM) of tracking data 3 from 14 seabird species to identify key marine areas in the southwest Atlantic Ocean, valuing 4 areas based on seabird species occurrence, seasonality and extinction risk. We also compared 5 overlaps between the outputs generated by the SDM and layers representing important human 6 threats (fishing intensity, ship density, plastic and oil pollution, ocean acidification), and 7 calculated loss in conservation value by using fishing and ship density as cost layers. The key 8 marine areas were located on the southern Patagonian Shelf, overlapping extensively with areas 9 of high fishing activity, and did not change seasonally, while seasonal areas were located off 10 south and southeast Brazil and overlapped with areas of high plastic pollution and ocean 11 acidification. Non-seasonal key areas were located off northeast Brazil on an area of high 12 biodiversity, and with relatively low human impacts. We found support for the use of seasonal 13 areas depending on the seabird assemblage used, because there was a loss in conservation value 14 for the seasonal compared to the non-seasonal approach when using 'cost' layers. Our approach, 15 accounting for seasonal changes in seabird assemblages and their risk of extinction, identified 16 additional candidate areas for incorporation in the network of pelagic MPAs. 17
Introduction 20
Oceans are facing rapid and profound changes in their characteristics and structure (Halpern et 21 al., 2008; Rockström et al., 2009; Valdés et al., 2009) . Ocean changes are so widespread that 22 only <4% of the global ocean area is considered to be experiencing very low human impacts 23 (Halpern et al., 2015) . Hence, there is a need for a major international effort to protect and 24 maintain the functioning of marine ecosystems, through the implementation of Marine Protected 25
Areas (MPAs) (Rockström et animals' distribution (Quillfeldt et al., 2013; Krüger et al., 2016a Krüger et al., , 2016b ) and compared to more 129 accurate methods like GPS or Argos, geolocators tend to slightly inflate home range of animals 130 (Phillips et al., 2004) . To compensate this potential inflation, we were conservative in the next 131 steps of the analysis by only assuming areas of high importance values (see next section) to 132
propose the key areas. Furthermore, geolocators are able to collect data for a longer period of 133 time that is highly limited by battery size in GPS and PTTs, and this may also represent a barrier 134 to sample distribution data on smaller seabirds like gadfly petrels and prions which can not 135 carry much weight. The tracking data were divided into training and test data by randomly 136 setting aside 10% of the tracking dataset for spatial evaluation of the models (Araújo & Guisan, 137
2006; Austin, 2007) . The first step of the modelling consisted of principal component analyses 138 (PCA) to eliminate any potential effect of multicollinearity. This is a recommended procedure 139 as our goal was to model species distributions, rather than to verify relationships between 140 species occurrence and the environment (Merow, Smith & Silander, 2013) . We extracted the 141 scores for components with eigenvalues above 1. With those scores, we ran MaxEnt on the 142 presence-only positions, 50 times, with a bootstrap procedure to obtain a prediction of the 143 average distribution (Edrén et al., 2010) . We assessed the accuracy of models using the area 144 (AUC) under the Receiver Operating Characteristic (ROC) curve. The AUC estimates the 145 likelihood that a randomly selected presence point is located in a raster cell with a higher 146 probability value for species occurrence than a randomly generated point (Phillips, Anderson & 147 Schapire, 2006) . 148
Calculating area importance values 149
The outputs from MaxEnt were used to calculate area importance values for each bird 150 assemblage using the Zonation software (Moilanen et al., 2005; Moilanen & Wintle, 2006 ; 151 Leathwick et al., 2008) . Zonation is assumed as one of the best programs to set out conservation 152 priorities when efforts focus on ecological communities and habitat connectivity (i.e., 153 Blumentrath, 2011; Delavenne et al., 2012) . Zonation generates a raster with pixels representing 154 the importance value, taking into account the probability of occurrence of each species given its 155 weighting (see below) and response to habitat. The final output is scaled from 0-1, representing 156 the least (0) to most important (1) areas. Each species was weighted by its IUCN conservation 157 status as follows: Least Concern (LC) = 1; Near Threatened (NT) = 2; Vulnerable (VU) = 3; 158 Endangered (EN) = 4 and Critically endangered (CR) = 5. Boundary Quality Penalty Curves 159 (BQPCs; Moilanen & Wintle, 2007) , which are measures of species responses to habitat 160 connection, were constructed empirically based on the IUCN conservation status. We generated 161 responses with changing slopes for CR = -0.01, EN = -0.008, VU = -0.004, NT = -0.002 and LC 162 = 0. Thus, the proportion of area occupied by each species decreases with increasing habitat 163 disconnection (except for LC) and the intensity of the decrease (slope) is proportional to the 164 level of threat. 165
We evaluated the sensitivity of the weighting and habitat connectivity response (more 166 details in Supporting Information SI). Changing the values for these two variables had no 167 substantial effect on the final output, except for a complete null model considering all species as 168 equivalent, the output from which was unrealistic and did not match the species distributions 169 (Supporting Information Fig. S2, S3, S4 ). Probability of occurrence in a given pixel diminishes 170 when habitat characteristics differ from those within surrounding cells, using a home range-171 based grid size (Leathwick et al., 2008) . Uncertainty analysis (Moilanen & Wintle, 2006) was 172 disabled in the computation (Leathwick et al., 2008) . The importance value was calculated for 173 each assemblage during the three specified periods (summer, winter and year-round). We were 174 conservative to propose key areas due geolocators errors (see previous section) and selected 175 areas that fell within 1% (90% of importance value) of the distribution threshold (Moilanen et 176 al., 2005) , areas of 0.5% (95%) and 0.1 % (99%) threshold (Oppel et al., 2012) , in a nested 177 design -these areas are within the 1% threshold. The locations of the 0.1 % candidate MPAs 
Environmental threats 181
We examined spatial risk from five environmental threats: ocean acidification, oil pollution, 182 floating plastics, shipping and fishing intensity (Supporting Information SII, Fig.S5 
Cost analysis 191
We evaluated costs for the proposed key areas, using the layers from Fishing Vessels Density 192 and overall Ship Density (Supporting Information SII and 
2013). 201
Zonation uses cost layers to reduce the value (importance to conservation based on the 202 previously specified parameters) of a given cell, thus cost is interpreted as a variable that reduce 203 the conservation value of a given area. The "cost" variables were used here as a cost/limitation 204 imposed to human activities, in the perspective that a no-cost represent no changes in the current 205 activities, and a cost represent restrictions to activities. As our valuing of areas considers no 206 influence of the human activities, sole the seabirds distribution regarding environmental 207 variables, this represents the hypothetical value of the area under no constraint by human 208 activities. Then it is possible to measure differences on the conservation value of an area when 209 comparing different cost scenarios with the previous area valued under no influence of human 210 activities. We used two cost constraint scenarios to evaluate how the intensity of human 211 activities may change the conservation value of candidate MPAs (i.e. key marine areas) if 212 shipping and fishing were not regulated (no-cost, scenario 1) or partially regulated (cost, 213 scenario 2). Costs constraints were calculated to each time-frame (Summer, Winter and Year-214 round). The resulting values for each cost model were then subtracted from the respective area 215 importance value within the 99, 95 and 90 threshold values (the proposed areas based on seabird 216 distribution only), to evaluate how much each of the human activities change the conservation 217 values within the proposed key areas. 218
Statistical Analysis 219
We used the pixel value of the rasters as point information, and the centroid of longitude and 220 
Results

237
Species Distribution Models 238
Many of the environmental variables were highly correlated (Supporting Information Table S1 ). 239
The power of the models using PC1 and PC2 to predict species distribution was high 240 (AUC=0.79 ± 0.06), although the models were less accurate for species with large latitudinal 241 ranges, such as Cory's Shearwater (Calonectris borealis), Cape Verde Shearwater (Calonectris 242 edwardsii), Great Shearwater (Ardenna gravis) and Wandering Albatross (Diomedea exulans). 243
It was clear that dividing the data into two seasons resulted in a slightly more accurate 244 prediction of distributions than using data from the entire year (AUC summer = 0.80 ± 0.06; 245 AUC winter = 0.83 ± 0.05; AUC year-round = 0.76 ± 0.06), probably because species occupy 246 only part of the annual distribution in any one season (Fig. S6, S7 There was a clear segregation between assemblages within the bi-dimensional space of 255 the CCA which showed that Northern species were more exposed with plastic pollution and 256 acidification, while Southern species were associated with Fisheries and Ship Traffic (Fig.  257   1a,b,c) . However, such trend was not obvious in Winter (Fig.1b) as the two Northern species 258 (TA and TP) were highly pelagic and occurred in areas of low cumulative threat occurrence (see 259 Supporting Information Fig. S5, Fig. S7 with exception of WCP (Fig. 1d-i) . 267
Proposed key marine areas 268
The areas of highest value for Southern species did not vary seasonally, and were off the 269 southern tip of South America and near the Falkland Islands (Fig.2) . In contrast, results for 270
Northern species were highly seasonal: a) during summer, the highest value areas were off the 271 central coast of Brazil, whereas in the winter, these extended to oceanic waters in the mid-south 272 Atlantic, b) considering the whole year, the highest value areas were coastal and pelagic waters 273 off northern Brazil (Fig.2) . The zonation value increased with the species occurrence probability 274 (Fig. 3a, c,e) and with increased number of species (Fig. 3b,d ,f). It means the high valued areas 275 are a good representation for the occurrence of species. 276
The candidate protected areas based on the Southern assemblage were concentrated in 277 the same area during summer, winter and year-round ( Shearwater Ardenna grisea) and in the south with Southwest 33 IBA (proposed for GHA), but 282 most areas of high value for Southern seabirds lacked any protection under current regimes 283 (Fig.4) . On the other hand, the candidate protected areas for Northern seabirds were completely 284 different among time-frames. The candidate summer area on North overlapped with part of the 285 proposed EBSA off southern Brazil (proposed due to occurrence of a strong upwelling) and the 286
IBA on Arquipélago dos Alcatrazes (proposed based on the occurrence of Magnificent 287
Frigatebirds Fregata magnificens and the Brown Boobies Sula leucogaster). Only a small 288 fraction of a designated MPA overlapped the key area identified for Northern seabirds in the 289 summer: the Litoral Centro Environmental Protection Area. During winter, the key area for 290
Northern seabirds was in pelagic waters, over the gyre northeast of the Rio Grande Rise, where 291 there is a large elevation of the seabed. Currently no EBSA or IBA has been proposed in this 292 region. Finally, the year-round key area for Northern seabirds was on the shelf slope and pelagic 293 waters off northern Brazil, reaching as far as an oceanic ridge, where there is a strong upwelling 294 from the Amazon River (Fig.4) . Roughly, one-third of this area overlapped with the 295
Amazonian-Orinoco EBSA, proposed due to the enhanced marine productivity occurring within 296 this area (Fig.4) . The overlap of our proposed key areas with existing MPAs was minimal (less 297 than 1% Table 2 ). The percentage of mIBAs and EBSAs overlapped by our key areas was also 298 minimal, however overlap of Northern areas with EBSAs was substantially greater than 299
Southern areas, while Southern Areas were more overlapped by proposed mIBAs than Northern 300 areas (Table 2) . 301
Cost analysis 302
The use of cost constraints for Southern seabirds resulted in few spatial differences of values 303 when using Fishing Density as a cost layer, but higher conservation values in pelagic areas 304 shifted north when using Ship Density as a cost layer (Supporting Information Fig. S9 ). On the 305 other hand, using Fishing Density as a cost layer for Northern seabirds displaced the zones of 306 high values to spread south, and to spread to pelagic areas when Ship Density was the cost layer 307 (Supporting Information Fig. S10 ). 308
The differences of both cost models were significant among Time-Frames (χ 2 26,6222 = 309 4143.9, P<0.001). The higher changes in values for Southern occurred when we used Fishing 310
Density as a cost layer during summer, for both No Cost and Cost models, for winter when 311 using Ship Density No Cost model and for year when using Ship Density Cost model (Fig.5 , 312
Supporting Information Table S2 ). On the other hand, the change in values for Northern were 313 higher for year-round for both No Cost and Cost models and for both Fishing and Ship Density 314 cost layer, despite using Ship Density there was also a high change of value during summer for 315 both cost models (Fig.5 , Supporting Information Table S2) . 316
Discussion 317
In our study, we considered a modelling approach that distinguishes between ecological groups 318 and accounts for seasonality in distribution of pelagic seabirds, with a view to identify a more 319 representative network of key sites that would be more effective year-round MPAS. This 320 approach located areas where currently there are few designated or proposed MPAs, suggesting 321 that a community integrated approach can be an effective way to propose new pelagic MPAs 322 analyses of tracking data from pelagic seabirds showed almost no overlap with areas that are 399 presently protected by national legislation. 400
Potential Costs 401
We found an assemblage and time-frame differential change in costs that suggests that the use 402 of seasonal protected areas could mean less impact on human activities to achieve high 403 an area compared between models with and without use of cost layers can vary from 5% to 412 10%, but in our case the mean differences could reach as high as 50% for Northern seabirds. 413
Conclusions 414
By assigning seabirds to different assemblages, we were able to detect additional candidate 415 areas for protection not recognised in previous marine spatial planning initiatives for FAO 416 variation per meter during (g) summer and (h) winter; sea surface height SSH in meters during (i) summer and (j) winter; sea surface height anomaly (SSHAN) in variability of meters per decade during (k) summer and (l) winter; sea surface temperature SST in °C during (m) summer and (n) winter; sea surface temperature anomaly (SSTAN) in variability of °C per decade during (o) summer and (p) winter; sea surface temperature gradients in percentage of °C change per meter during (q) summer and (r) winter; wind speed in meters per second during (s) summer and (t) winter. Year variables were the average of both summer and winter.
SI Sensitivity analysis of the Zonation outputs when using different weighting values
The aim of this section is to provide an analysis of the method we used to weight species distribution by the IUCN conservation status, and the habitat connectivity response (in Zonation software called as Boundary-Quality Penalty Curves BQPCs). We used the full weight method that is in the main text to give value to the year-round distribution of all species.
Full model: Each species was weighted by its IUCN conservation status as follows, least concern (LC) = 1; near threatened (NT) = 2; vulnerable (VU) = 3; endangered (EN) = 4 and critically endangered (CR) = 5. Boundary Quality Penalty Curves, which are measures of species responses to habitat connection, were constructed empirically based on the IUCN conservation status. We generated linear responses with changing slopes for CR = -0.01, EN = -0.008, VU = -0.004, NT = -0.002 LC = 0.0.
We also generated three other different weight methods: a null model where the weight given for all species is the same (1) and the response to habitat connection (β Then we tested via simple regression how these three methods are similar to the full model and tested how the probability of species occurrence is related to those weighting outputs through cubic regression.
We found that a null model with equal weight and no β h variation means that the software will give more value to pixels isolated from the edges of the study area, without being realistic nor reflecting any oceanographic process intrinsic to the species distribution, but probably embracing the edges of most species distribution (Fig. S5) . It means that high values in this case were concentrated in the middle of the study area (Fig. S5 ) and were completely opposed to the output we proposed (F 1,1652 = 3.29, β = -0.14, P=0.07). On the other hand, one single differentiation on the weights in two (F 1,1652 = 31.18, β = 0.18, P<0.001) and three (F 1,1652 = 1556.6, β = 0.8, P<0.001) groups was enough to approximate the values to the full model output (Fig. S6) 
Figure S4
Relation between the overall species probability of occurrence and zonation value for each of the four models. Lines are cubic trend ± SE.
SII Mehods for calculating environmental threat variables.
A total of five threat variable were used: ocean surface acidification, oil pollution risk, plastic accumulation, ship density and fishing intensity (Fig. S8) . All environmental variables were standardized to have a mean of 0 and an SD of 1 due to differing ranges of variables. Such standardization was executed by dividing each absolute value by the respective maximal value of the environmental variable .
Ocean surface acidification was measured in terms of normalized changes in aragonite saturation state between pre-industrial and modern times, which is a compound that enhances when Ph decreases (Halpern et al., 2008) . The acidification image was generated by Halpern et al.(2008) , and we are using it as it is in the publication.
For risk of oil pollution we used the areas of oil accumulation proposed by Halpern et al.(2008) . A Nearest Natural Neighbor Interpolation was used to calculate a risk based on the distance from these pollution areas, being the cells presented by Halpern et al.(2008) 
Table S1
Loadings from the PCA. The values represent the proportion of each variable that is explained by each of the PCA axis, and the signal (-or +) indicates the relation of the variables with the axes. Variables with higher correlation on the same axis are not independent from each other, meaning that they vary together. Table presents 
